Early changes in the concentrations of indole-3-acetic acid (IAA) and abscisic acid (ABA) were investigated in the larger axillary bud of 2-week-old Phaseolus vulgaris L. cv Tender Green seedlings after removal of the dominant apical bud. Concentrations of these two hormones were measured at 4, 6, 8, 12 and 24 hours following decapitation of the apical bud and its subtending shoot. Quantitations were accomplished using either gas chromatography-mass spectrometry-selected ion monitoring (GC-MS- 
Thimann and Skoog (17) were the first to postulate an inhibitory role for the auxin, IAA, with respect to apical dominance. The first definitive measurements of IAA in an apical dominance system were made by Hillman et al. (9) with Phaseolus vulgaris L. cv Canadian Wonder and indicated that the concentration of IAA in the two (grouped) axillary buds had doubled by 24 h following decapitation. By this time the larger axillary bud of his decapitated plants had extended, on average, 1.9 mm more than the equivalent bud on intact plants.
We have also investigated the phenomenon of apical dominance in P. vulgaris L. plants by attempting to characterize the timing of changes in endogenous IAA and ABA concentrations in the larger axillary bud for intact and decapitated plants. The larger axillary bud was selected for analysis since it invariably becomes the dominant bud following decapitation. We included ABA in our analyses since it is a potential antagonist of other growth hormones, including IAA. Thus, we have also examined the hypothesis (8) that ABA concentrations decrease during the release of buds from correlative inhibition.
MATERIALS AND METHODS

Plant Materials
In each set of experiments Phaseolus vulgaris L. cv Tender Green were grown in 30 x 60 x 10-cm plastic trays, filled with a 1:1 mixture of sand and peat moss, under a 16-h photoperiod at 23°C and 60% RH in a growth chamber (Controlled Environment Systems model PGV 36LT Winnipeg, Man.). Lighting was provided by high-pressure mercury lamps 250 ,uE m-2s-' PPFD. Fourteen days after planting, uniform seedlings were selected on the basis of height, leaf size, and size of both apical and axillary buds. These plants were randomly divided into groups of 60 plants (3 trays of 20 plants). In one-half of the plants the apical bud was removed by decapitation and in the other half the plants were left intact. Trays containing decapitated or intact plants were randomized in the chamber. At 2, 4, 6, 8, 12 , and 24 h after decapitation the larger axillary bud was excised from each of the 60 plants for each of control and decapitated groups, and immediately immersed in liquid N2 Purification of ABA Samples The portion of the extract (usually 90%) to be quantified by GC-MS-SIM was passed through a C18-PC (as above for IAA), except that 80% MeOH at pH 3 was used as the eluting solvent. (20) .
RESULTS
The dry weight concentration of extractable IAA in axillary buds increased significantly over controls (P < 0.05) by 4 h after decapitation. The IAA concentrations in the larger axillary buds of decapitated plants showed no difference at 2 h from buds of intact plants, but by 4 h the IAA concentrations were 5 times higher than in the intact controls (Fig. 1) . IAA attained a maximal concentration in the larger axillary bud by 8 h following decapitation. In the larger axillary buds of intact, control plants the IAA concentration remained relatively constant (Fig. 1) .
The ABA concentrations were significantly lower (P 6 0.05) in axillary buds ofdecapitated plants than in the intact control plants from 4 to 24 h following decapitation ( Fig. 2 ; Table I ).
The ABA concentration at 24 h in axillary buds of intact plants was 2 to 4 times higher than in axillary buds from the decapitated plants. The ABA concentrations which were determined by GC-MS-SIM from samples of 60 buds (Fig. 2) were in good agreement with values obtained by ELISA for the same samples (Table I ). The frequent sampling times used in the more extensive ABA ELISA (Fig. 3 ) also confirm that the ABA concentration in the axillary buds of decapitated plants was generally lower (P s 0.02) than in comparable buds from intact, control plants (Fig. 3) .
A periodic wave in ABA concentration was apparent (Fig.  3) , with the period of ABA concentration in buds from intact plants being shorter than in decapitated buds. The amplitude ofthe wave for ABA concentration in buds from intact plants Figure 2 . Results of the two methods (ELISA and GC-MS-SIM) were analyzed using the paired t test (2) , and method of analysis was a significant variable only at P -0.633. c 99% confidence limit.
d Sample lost during purification. plants is significant at P 6 0.05 based on analysis by the paired t test (2) . Regression analysis was performed with respect to each data point (2) .
was also larger than in buds from decapitated plants. The amplitude and period for ABA concentration in buds ofintact plants were, respectively, 4.9 ,g/g dry weight and 2 h, whereas in buds of decapitated plants they were 2.2 ,g/g dry weight and 3 h.
Axillary buds increased rapidly in size after decapitation of the terminal apex and subtending shoot (compare A and B of Fig. 4 ). All parts of the axillary bud from decapitated plants, i.e. the scale leaves, the major leaf flanking the shoot bud, and the terminal axillary shoot bud per se, were larger than these same parts from axillary buds of control, intact plants (Table II) . Accompanying this was a fresh weight increase (relative to the controls), first measurable 8 h after decapitation (Fig. 5) . The fresh weight increase was even more prominent at 24 h. During the same sampling times the tissue dry weight also increased. However, this increase was much smaller than that for fresh weight (Table II) .
Anatomical sections revealed that the primary cause of bud enlargement was increased cell size. Cell enlargement was especially prominent in the internodal region of the axillary shoot bud. The pith parenchyma cells expanded radially, causing the axis to widen (compare A and B of Fig. 6 ). This was followed by repeated transverse cell divisions within the internode. The addition of new cells to the developing internode at this time probably account for the future rapid growth and elongation of the released axillary bud. Decapitation of the terminal apex also induced cell enlargement within the scale leaves of the larger axillary bud. Therefore, cell enlargement and the addition of more cells to the stem of the developing axillary bud/new shoot account for the overall size increase that occurs shortly after decapitation.
Both control and decapitated buds were absent of functional conducting tissue up to 24 h following decapitation. 
DISCUSSION
Within 4 h after decapitation of the apical shoot the concentration of IAA increased fivefold (significant at P < 0.007), while the concentration of ABA decreased (significant at P < 0.02). A decreased ABA concentration was apparent by 2 and 4 h (Fig. 2) , and peak concentrations (top of cycle period) of ABA were significantly (P 6 0.05) lower in buds from decapitated plants from h 3 to 24 (Fig. 3) . Due to relatively good sensitivity of the GC-MS-SIM technique (10 pg IAA or ABA), large numbers of buds were not necessary to quantitate either hormone. This contrasts with earlier work (8) , where 4,000 to 10,000 axillary buds were needed. Reliable (accurate and precise) results for IAA and ABA were obtained by GC-MS-SIM with as few as 60 buds in the present work, providing that an appropriate purification method was used. However, rigorous selection of plants for axillary bud uniformity was crucial. As noted by Hillman (8) , the IAA content of axillary buds from decapitated plants increased within 24 h after decapitation, although our IAA concentrations were fivefold higher than those found by Hillman. These differences may result from the: (a) use of a different cultivar, (b) differences in age of plants, and (c) Hillman extracted both axillary lateral buds, whereas we analyzed only the larger axillary bud.
The early increase in IAA in the larger axillary bud after decapitation may be influencing two processes: (a) its own rapid growth and (b) inhibition of other axillary buds. From the detailed time study of bud fresh weight, the increase in IAA and fresh weight concentration occur in concert. It is thus possible that increased IAA concentration may induce axillary bud growth per se, whereas a second messenger, possibly ethylene production triggered by IAA (15) Useful information could also be obtained from carefully timed gibberellin and cytokinin analyses, although extraction of considerably greater numbers of buds would undoubtedly be necessary to precisely and accurately measure endogenous changes in these classes of hormones.
The rhythmic changes in ABA throughout the course of 24 h (Fig. 3) are also of interest. Most of the previously reported rhythms in ABA concentration deal with stressed leaf tissue, i.e. peach (Prunus persica L. cv Fay Elberta) (18) and cotton (Gossypium hirsutum L.) (13) . Rhythms in ABA concentration have also been noted on a daily scale, in stressed leaves of cotton (13) , and on an annual scale, in lateral buds of willow (Salix viminalis L.) (1) . Diurnal fluctuations of the order of 3 to 4 times the base value were seen in nonstressed leaf tissue of both Arbutus unedo (3) and peach (18) . We also noted a fluctuation of 3 to 4 times the base value in axillary buds from intact plants, and 2 to 3 times the base value in buds from decapitated plants (Fig. 3) . Previous published work on a daily time frame did not have sufficient data points to enable a period to be calculated. Interestingly, the period and amplitude of the flux in our study seemed to depend on whether the apical bud came from an intact or decapitated plant, decapitation causing a longer period and a smaller amplitude in ABA fluctuations.
Within 4 h following decapitation of the shoot apex, the concentration of IAA in the larger axillary bud increased a significant (P -0.007) fivefold, and was maximal at 8 h following decapitation. In the same time frame, ABA concentration in the larger axillary bud of decapitated plants decreased by approximately half (significant at P 6 0.02). Both the increased IAA and decreased ABA concentrations were closely associated with growth changes that accompanied the release of larger axillary buds of decapitated plants from their arrested state of development. The fresh weight of the axillary bud had also increased significantly by 8 h, and anatomical analysis showed that the axillary bud had a significantly longer and wider internode segment by 8 h after decapitation of the terminal apex. This increased size was accounted for by pith parenchyma cell expansion, relative to the larger axillary bud of the intact plant.
The present work makes it clear that a more complete understanding of the mechanism of hormonal action in a specific system (such as control of apical dominance) requires (a) analysis of at least the major hormones affecting the system, and (b) time-resolved studies of changes in concentration of these hormones. Our results also identify timing of response (IAA increase, ABA decrease) to decapitation. This should help in the search for IAA-(ABA)-mediated growth mechanism(s) in control of apical dominance.
